The techniques and results of the main percutaneous procedures performed using image guidance with computerized tomography, including cordotomy, trigeminal tractotomy-nucleotomy, and extralemniscal myelotomy, are presented. The advantages of image guidance for anatomical orientation during the procedures and the newly designed radiofrequency needle-electrode systems are stressed.
T
he spinal cord, which carries the pain-transmitting nerve fibers in tracts, is a key component of the central nervous system and an important area for pain surgery. A critical step for pain surgery was the first open cordotomy in a human patient, carried out by Martin at Spiller's instigation in 1911. 1 For many years thereafter, surgical interruption of the paintransmitting tracts was performed using open techniques for intractable chronic pain management. These procedures were the ''gold standards'' of their time but had several disadvantages in practice, including the following: 1) open surgery could not be tolerated by patients in the terminal stage or with a poor internal status; 2) surgery had to be performed under general anesthesia, which precludes cooperation with the patient and monitoring of neurophysiologic functions; and 3) irreversible lesions were made without any control of function, making the procedures rather risky.
The high mortality and morbidity risks of open cordotomy prompted neurosurgeons to develop a less invasive procedure using a percutaneous approach. The first application of a percutaneous procedure on the spinal cord with a radioactive strontium needle was described by Mullan et al 2 in 1963 and is considered the most important contribution in the advancement of percutaneous (minimally invasive) techniques in pain surgery. Percutaneous techniques solve the problems described previously but require new technology such as imaging techniques, radiofrequency (RF) systems for neurophysiologic testing and lesioning, and needle-electrode systems.
COMPUTED TOMOGRAPHY GUIDANCE FOR SPINAL CORD SURGERY
Percutaneous procedures require an imaging system to visualize the target-electrode relation. Initially, x-ray and positive-contrast myelography provided indirect information via visualization of the dentate ligaments as well as the anterior and posterior parts of the spinal cord. Indeed, the most important disadvantage of conventional percutaneous stereotactic pain procedures was in the imaging technique used, because it was not possible to demonstrate directly the real shape and diameters of the spinal cord or the target-electrode relations despite the use of contrast agents. 3, 4 Although it is an effective procedure, the technique's shortcomings resulted in higher morbidity than expected in the reported series and, consequently a decrease in its popularity in intractable pain surgery in the past 20 years. This problem could be solved only by using computerized tomography (CT) as a direct imaging technique instead of x-ray myelography. In the past decade, CT-guided percutaneous spinal cord procedures have been presented as effective and safe methods of destroying the pain-transmitting tracts for the treatment of patients with intractable chronic pain.
Demonstration of the needle-electrode system with CT scans provides information about the location of the electrode tip in the spinal cord. Impedance measurements give direct information about the compartment in which the tip is located in the cerebrospinal fluid (CSF) or the spinal cord. 5, 6 Electrical stimulation of the target is the most important aspect of this functional neurosurgical operation. A functional and anatomical description of the target is possible only after taking the steps described previously.
CT guidance offers the advantage of topographic orientation to the spinal cord, allowing selective denervation. With the help of this visualization system, spinal cord diameters can be measured for each patient individually, the target-electrode relation can be assessed directly, and the needle-electrode system can be inserted into the specific part of the pain-conducting system necessary for achievement of selective cordotomy and selective trigeminal tractotomy-nucleotomy (TR-NC). [7] [8] [9] [10] Ablative spinal cord procedures have thus become truly stereotactic operations as well as being functional neurosurgical operations. The described techniques must be performed with the newly designed RF needle-electrode system, however, because these electrodes make it possible to perform selective cordotomy or selective trigeminal TR-NC with direct visualization of the spinal cord.
RADIOFREQUENCY SYSTEMS AND CT-COMPATIBLE ELECTRODES
Many techniques have been used to destroy nervous tissue selectively. After the work of Sweet and Mark, 11 RF current began to gain wider acceptance because of its advantages in creating more controllable neural lesions. RF systems have become a standard tool in selective lesioning of the nervous system because they facilitate controlled lesioning and provide valuable information about the impedance values and electrical stimulation of the tissue in which the electrode is located. 12, 13 In addition, with patient cooperation in response to neurostimulation, the functional features of the spinal cord region in which the needle-electrode system is placed are easily evaluated for correct positioning of the lesion. 14, 15 In 1965, Rosomoff et al 15 described the technique of percutaneous cordotomy with an RF needle-electrode system. Since then, techniques involving RF thermic lesions have been the standard way to perform percutaneous pain procedures within the spinal cord. 2, 15, [16] [17] [18] [19] [20] A subsequent development was the invention of thermocouple electrodes, which facilitate control of the temperature of the tissue surrounding the tip. Standard RF needle-electrode systems are used with x-ray visualization, however, and are not compatible with CT scans.
The authors have designed an RF needle-electrode system with an RF generator (KCTE electrode kit and RFG-3C generator; Radionics, Burlington, MA). For this system, 20-gauge thin-walled needles with plastic hubs were designed to avoid imaging artifact problems. 21 These needles have demarcations on the shaft beginning 4 cm from their tips to show the depth of insertion to support metrically the sensation of penetration (ie, the distal part of the needle is marked every 1 cm up to 4 cm, and the proximal part is marked at 0.5 cm). Included in the kit are 4 different 2-mm open-tipped thermocouple electrodes: 0.30 and 0.40 mm in diameter with a straight tip and 0.30 and 0.40 mm in diameter with a curved tip. The tip of the curved electrode has a 0.5-mm axis, which allows better direction and manipulation of the electrode tip to reach the ideal target. The proximal part of the electrode has lines every millimeter for 6 mm, and a sizing clamp is attached to this part (Fig. 1) . The depth of the inserted part (3-4 mm) of the straight and curved active electrodes must be adjusted before application according to the measured diameters of the spinal cord. The screw of the sizing clamps is tightened in the same direction as the tip of the curved electrode to facilitate awareness of the direction of the curved tip.
CT-GUIDED PERCUTANEOUS PROCEDURES
CT-guided percutaneous pain procedures on the spinal cord comprise the following: cordotomy, trigeminal TR-NC, and extralemniscal myelotomy (ELM).
CT-Guided Percutaneous Cordotomy
Spinothalamic cordotomy aims to interrupt the spinothalamic tract (STT) ascending contralaterally to the painful side, because most of the pain fibers decussate over 2 to 5 segments before entering the STT.
22, 23 The anterolateral afferent system has a somatotropic relation with fibers from higher levels laminating medially and ventrally.
22, 24 The topographic representation within the pain tracts usually places the sacral segments more posterolaterally within the segments, whereas the cervical segments are situated more medially and anteriorly. This segmentation allows selective cordotomy to achieve selective denervation of the upper or lower part of the body.
The most important structures surrounding the STT that should be considered during the procedure may be summarized as follows: 1) the descending autonomic pathways intermingling with the reticulospinal tract for vasomotor and genitourinary control as well as mediation of respiration, located anteromedially; 2) the corticospinal tract as the major pathway for motor control of the muscles, located posteriorly; and 3) the ventral spinocerebellar tract for coordination of movement of the extremities, which overlies the lateral STT.
22, 25 Complications after cordotomy are related to these anatomical relations. Bilateral lesions within the anterior part of the STT may cause sleep-induced apnea as a serious complication resulting from bilateral lesioning of the reticulospinal tract. [26] [27] [28] [29] [30] [31] [32] Therefore, bilateral selective denervation of the upper part of the body via cordotomy is contraindicated. The sacral segment (posterolateral) of the STT is not far from the pyramidal tract; thus, ipsilateral hemi-or monoparesis may occur, being mostly transient in nature, with selective cordotomy. 24, 33, 34 Cardiovascular or urinary disturbances may also be expected. Cordotomy is indicated especially for patients suffering from unilateral localized cancer pain (eg, pulmonary malignancies and mesothelioma), but it is also appropriate for a wide range of patients, because the procedure is much safer and more selective than conventional cordotomy. CT-guided cordotomy may be recommended to patients even before the use of narcotics, because the procedure reduces patients' dependence on the hospital, allowing them to return to their previous daily activities. The procedure may be performed bilaterally in patients suffering from bilateral lower body or low back pain caused by malignancy, whereas bilateral conventional cordotomy may be rather risky. 9, 35 Additionally, nonmalignant intractable somatic pain may be relieved by CT-guided percutaneous cordotomy, but all other treatment methods should be performed before surgery.
CT-guided percutaneous cordotomy was performed in 197 cases at our clinic. One hundred eighty-five patients were suffering from intractable unilateral pain caused by malignancy. Pulmonary malignancies (56 cases), mesothelioma (23 cases), and Pancoast tumor (14 cases) represented most of the cases in our series. Other patients included 20 with gastrointestinal carcinoma, 22 with metastatic carcinoma, and 50 with multiple malignancies. The procedure was also applied to 13 patients with benign pain, whereas 13 patients with bilateral cancer pain of the lower trunk and lower extremities were treated with CT-guided bilateral selective cordotomy.
Surgical Technique
Patients should fast for 5 hours before surgery. The contrast agent (7 mL Iohexol at a rate of 240 mg/L) is administered via lumbar puncture 20 minutes before the operation. The patient should be kept in the Trendelenburg position before admission to the CT unit. Alternatively, if a lumbar puncture is not possible, the contrast agent (5 mL Iohexol at a rate of 240 mg/L) can be introduced laterally at the C1 to C2 level at the beginning of the procedure. Patients should be awake and cooperative throughout the procedure to facilitate observation of neurologic functions, and no general anesthesia should be given. CT-guided percutaneous cordotomy is performed in the CT unit with the patient in the supine position. The head is flexed and fixed. Plastic-hubbed 20-gauge needles specially designed for CT-guided procedures are used. Thinner needles are not recommended, because directing the needle may be more difficult with manipulation. Before needle insertion, a local anesthetic agent is given and the neck is punctured with the cordotomy needle just below the tip of the mastoid process in a vertical plane. Placement of the needle at the C1 to C2 level can be seen in the lateral scanogram (Figs. 2, 3) , and the direction of the needle can be manipulated toward the anterior part of the spinal cord with the help of axial CT sections to obtain topographic localization. Axial CT scans with a 1-mm slice thickness are obtained. Target-needle and -electrode relations can easily be visualized using CT guidance. Diametral measurements of the spinal cord are taken, and the active electrode is adjusted accordingly. The needle is inserted in the lateral axis, and the direction is corrected in accordance with CT scans (Figs. 4, 5) . The needle is in the ideal position if it is nearly perpendicular to the spinal cord. The target in percutaneous cordotomy is the lateral STT in the anterolateral part of the spinal cord at the C1 to C2 level. The electrode is inserted into the target after achieving the ideal position of the needle tip toward the target. If the cord is not punctured, this can be determined by means of CT scans (Fig. 6 ) and impedance measurement, and the electrode can be reinserted. Finally, the electrode tip is placed in the STT (Figs. 7, 8) .
Impedance measurements are important for identifying whether the active electrode tip is in contact with the spinal The final step is lesioning of the target area. During lesioning, the energy and tip temperature are increased gradually and ipsilateral motor functions must be tested continuously. We use 0.4-mm diameter electrodes for unilateral cordotomy and 0.3-mm diameter electrodes for bilateral cordotomy. The final lesion is made at 70°C to 80°C for 60 seconds. Usually, 2 (maximum of 3) lesions are made in unilateral cordotomy. If required, bilateral staged procedures can be performed with a 1-week interval.
The patient should be hospitalized for 1 night after the procedure. Neurologic examination is repeated after surgery, and when a bilateral cordotomy is performed, blood pressure and respiratory functions must be carefully observed and monitored.
Results
The initial success rate of CT-guided percutaneous cordotomy was 95.5% (188 of 197 cases). In 153 cases (77.6%), only the painful region of the body was relieved of pain, thus achieving selective cordotomy. Nonselective pain control was achieved in 32 cases (16.6%). Total pain control was achieved in all 13 cases (100%) treated with bilateral selective cordotomy. No mortality or persistent morbidity was encountered in our series. Five cases of motor dysfunction, 3 cases of ataxia, 1 case of urinary retention, and 1 case of hypotension were observed as temporary complications. Three cases of postcordotomy dysesthesia and 1 case of Horner syndrome were also observed.
CT-Guided Trigeminal Tractotomy-Nucleotomy
Management of certain craniofacial pain conditions, such as anesthesia dolorosa, atypical facial pain, pain caused by craniofacial malignancies, intractable trigeminal neuralgia, geniculate neuralgia, glossopharyngeal neuralgia, and postherpetic neuralgia, presents a great challenge to physicians. CT-guided percutaneous TR-NC is an important image-guided percutaneous destructive procedure on the spinal cord for the treatment of such conditions. 10, 36 The nociceptive fibers from the fifth, seventh, ninth, and tenth cranial nerves descend in the medulla, forming the descending trigeminal tract. These fibers ramify in the trigeminal nucleus caudalis near their point of termination. 18, [37] [38] [39] [40] [41] The spinal trigeminal nucleus extends caudally through the medulla into the spinal cord to the C2 level. 42, 43 The topographic collective organization of nociceptive fibers from the cranial nerves has made this region the most eloquent target for neurosurgeons. 16, 18, 36, 37, [44] [45] [46] [47] Operations such as trigeminal TR, NC, and nucleus caudalis dorsal root entry zone (DREZ) lesioning have been described and performed with various open and percutaneous techniques to interrupt the nociceptive fibers from the fifth, seventh, ninth, and tenth cranial nerves. The described surgical techniques still have disadvantages, however, with their high complication rates and unstable postoperative results.
The indications for CT-guided percutaneous trigeminal TR-NC are similar to those for the nucleus caudalis DREZ operation, but the effectiveness of the procedure is high and the complication rate is extremely low. 10, 36, 42, 48 In addition, trigeminal TR-NC is safe and effective for repeated applications. Moreover, the DREZ operation may be performed if TR-NC is ineffective or partially effective. With its advantages of minimal invasiveness, high success rate, and low complication rate, we propose that percutaneous CT-guided TR-NC be considered as a rational alternative to other pain-relieving procedures.
The present series included 53 patients suffering from atypical facial pain (16 cases), pain caused by craniofacial malignancies (11 cases), glossopharyngeal neuralgia (13 cases), multioperated trigeminal neuralgia (3 cases), geniculate neuralgia (4 cases), postherpetic neuralgia (4 cases), and anesthesia dolorosa (1 case).
Surgical Technique
A temperature-monitoring RF electrode system designed specifically for CT-guided TR-NC (KCTE electrode kit) was used. Iohexol (7 mL) was administered into the subarachnoid space by lumbar puncture 20 minutes before the procedure.
The patient was placed in the prone position on the CT table, and the head was flexed and fixed. After a lateral scanogram (Fig. 9) , axial CT scans were obtained in the C1-occiput region and the cord diameters were measured. The active electrode tip was adjusted according to the diametral measurements.
A 20-gauge needle was inserted from the C1-occiput region 5 to 7 mm lateral to the midline (Fig. 10) . The target was 3 mm anterior to the posterior aspect of the spinal cord and 5 to 6 mm lateral to the midline at the first cervical segment (see Fig. 9 ). Correct placement of the needle on the target was facilitated by CT visualization. After final positioning of the needle (Fig. 11), a 2 -mm, open-tipped, straight or curved electrode was inserted into the needle. The final position of the electrode tip was confirmed with new CT scans and impedance measurements (Figs. 12, 13) . As the most important parameter, electrical stimulation was used to confirm the localization of the electrode. Paresthesia of the ipsilateral half of the face can be observed with stimulation in most cases, indicating that the tip of the electrode is in the nucleus tract complex. If paresthesia of the face occurs, slight withdrawal of the tip and restimulation may cause a dysesthetic sensation in the throat or inside the ear, indicating that the tip is in the nociceptive fibers of the seventh, ninth, and tenth cranial nerves. RF lesions (1-3 in number) were made at 65°C to 75°C for 60 seconds.
Results
The best results were obtained from patients with glossopharyngeal neuralgia (13 cases) and geniculate neuralgia (4 cases). Pain was effectively controlled in 11 of these cases.
TR-NC showed promising results in patients suffering from pain caused by craniofacial malignancies, and pain control was achieved in 9 (82%) of the 11 patients.
In 7 of 16 patients with atypical facial neuralgia, pain was controlled effectively. A nucleus caudalis DREZ operation was required for 2 patients after TR, however, and pain control was obtained in only 1 of them after a DREZ operation. Pain was controlled in 2 patients with postherpetic neuralgia. In the 3 patients suffering from anesthesia dolorosa, TR-NC was ineffective. Pain control was obtained in 2 of 3 intractable trigeminal neuralgia patients, whereas an additional DREZ operation was partially effective in 6 patients. Postoperative temporary ataxia was the only complication observed in 5 cases, and no mortality was observed.
CT-Guided Extralemniscal Myelotomy
ELM is a procedure performed at the cervicomedullary junction of the spinal cord and consists of central cord lesioning for intractable pain. 17, 19, 49, 50 The neurophysiologic mechanism of pain relief after ELM remains unclear. The procedure was developed after empiric observations made by Hitchcock that loss of pain in the lower body is the result of an entirely separate pure pain pathway ascending the spinal cord that is possibly nonspecific, multisynaptic, and close to the midline. Gildenberg and Hirshberg 51 performed a limited myelotomy with an open technique at the T10 level to obtain pain control in the lower part of the body.
Ideal patients for the procedure are those with intractable pain located in the midline or with bilateral involvement. A series of 16 patients (15 with intractable cancer pain and 1 with pain caused by traumatic paraplegia) were managed by CTguided, percutaneous ELM in our department. In all cases, pain was located in the lower trunk bilaterally and/or at the midline.
Surgical Technique
The operative technique is rather similar to CT-guided cordotomy and TR-NC. All patients were awake and cooperative throughout the procedure to facilitate observation of neurologic functions. Contrast material (7 mL Iohexol) was administered into the subarachnoid space via lumbar puncture 20 minutes before the operation, after which the patient was kept in the Trendelenburg position for 5 minutes. The patient was then placed on the CT table in the prone position.
Two types of electrodes of different sizes were used: Rosomoff cordotomy electrodes with a diameter of 0.45 mm and a 1-mm open tip (RCK-2A; Radionics) and, for 8 patients, a special needle-electrode system for CT-guided procedures (KCTE electrode kit). Diametral measurements of the spinal cord were taken using the CT scans at a 1-mm slice thickness, and the active electrode was adjusted accordingly. The needle was inserted at the C1-occiput level through the midline (Fig.  14) . Placement of the needle at the C1-occiput level can be seen in the lateral scanogram (Fig. 15) , and the direction of the needle can be manipulated toward the posterior part of the spinal cord with the help of axial CT sections (Fig. 16) . The target in ELM is the center of the spinal cord at the C1-occiput level. When the needle was approximated just behind the cord, the adjusted active electrode tip was inserted into the cord via the needle (Figs. 17, 18 ). Impedance measurements were taken, and stimulation was given for physiologic control of the position of the active electrode. Paresthesia of the distal lower 
Results
In six of the cases with malignancy (42.8%), total pain relief was achieved, partial satisfactory pain relief was obtained in 4 cases (28.5%), and no pain control was achieved in 4 cases (28.5%). The procedure was partially effective in the paraplegic patient. No complications were observed.
In the group of 8 patients in whom the larger electrodes (0.45-mm diameter with 1-mm open tip and 0.25-mm diameter with 2-mm open tip) were used, total pain relief was achieved in 5 patients (62.5%) and partial satisfactory pain relief was achieved in 2 patients (25%), although pain persisted in 1 patient (12.5%). Conversely, in the group of 6 patients in whom the smaller electrodes (0.25-mm diameter with 1-mm open tip) were used, total pain relief was achieved in 1 patient (16.6%) and partial satisfactory pain relief was obtained in 2 patients (33.3%), although pain persisted in 3 patients (50%). Thus, the results of procedures performed with the smaller electrodes were poor, causing us to change our electrode dimensions (0.4-mm diameter and 2-mm open tip).
CONCLUSION
The spinal cord is an ideal target for percutaneous stereotactic pain procedures. Extensive use of morphine pumps and electrode stimulating systems has not been the main reason for the decline in popularity among neurosurgeons of percutaneous cordotomy and destructive pain procedures on the spinal cord in intractable pain surgery over the last 2 decades. The high mortality and morbidity of the percutaneous procedures performed in the past were the most important reasons for this neglect. It was not possible to describe the conventional percutaneous techniques as stereotactic, because the term means 3-dimensional localization in space. Destructive percutaneous procedures on the spinal cord have conventionally been performed with the aid of positive x-ray visualization, and it was not possible to determine the diameters, target area, or localization of the cord. These disadvantages caused higher complication rates and poor outcomes and thus impeded the common use of this surgical technique. CT guidance provides a new perspective in destructive pain surgery on the spinal cord because of its dynamic properties and capabilities. CT made the procedures truly stereotactic and image guided. The spinal cord diameters can be measured for each patient individually, and the cord can be visualized directly. 8, 35, 36, 49 The most important advantage of CT guidance is that it allows visualization of the active electrode location in the spinal cord. Additionally, the tip of the active electrode may be redirected if needed during the procedure, based on the dynamic images. Under CT guidance, displacement and rotation of the spinal cord are visualized and the surgical strategy of the procedure can be correctly reoriented. These advantages are the result of contemporary advances in image-guided stereotactic surgery. These are effective and relatively inexpensive operations. Patients are not dependent on physicians or devices; consequently, they may return to their active lives after complete pain control is achieved.
Pain remains a significant problem in this century despite profound medical, technologic, and pharmacologic advances. There is a large population of patients who may be good candidates for this inexpensive, noninvasive, and highly effective procedure. Worldwide, 6 million people die annually as a result of malignancies. In the terminal stage of malignancy, 60% to 90% of patients experience intractable pain and 20% of these patients remain untreated despite modern technology. As an example, in the United States alone, 1,382,400 people are diagnosed with cancer annually, whereas 160,400 die of pulmonary carcinoma and 560,000 as a result of malignancies. [52] [53] [54] Unilateral cordotomy may help these patients in their terminal stage. The indications for CT-guided TR-NC in intractable pain in the craniofacial region are almost the same as for the nucleus caudalis DREZ operation, but the effectiveness of the procedure is remarkably high and the complication rate is extremely low. CT-guided percutaneous ELM is a neglected but valuable procedure in the treatment of visceral pain or cancer pain located in the midline and/or bilaterally.
In conclusion, CT-guided pain procedures should be used efficiently by neurosurgeons in the treatment of intractable pain, a practice they seem to have forfeited to other disciplines during the past 2 decades. 
